State transition in photosynthesis is a short-term balancing mechanism of energy distribution between photosystem I (PSI) and photosystem II (PSII). When PSII is preferentially excited (state 2), a pool of mobile light-harvesting complex II (LHCII) antenna proteins is thought to migrate from PSII to PSI, but biochemical evidence for a physical association between LHCII proteins and PSI in state 2 is weak. Here, using the green alga Chlamydomonas reinhardtii, which has a high capacity for state transitions, we report the isolation of PSI-light-harvesting complex I (LHCI) supercomplexes from cells locked into state 1 and state 2. We solubilized the thylakoid membranes with a mild detergent, separated the proteins by sucrose density gradient centrifugation, and subjected gradient fractions to gel-filtration chromatography. Three LHCII polypeptides were associated with a PSI-LHCI supercomplex only in state 2; we identified them as two minor monomeric LHCII proteins (CP26 and CP29) and one previously unreported major LHCII protein type II, or LhcbM5. These three LHCII proteins, in addition to the major trimeric LHCII proteins, were phosphorylated upon transition to state 2. The corresponding phylogenetic tree indicates that among the LHCII proteins associated with PSII, these three LHCII proteins are the most similar to the LHC proteins for PSI (LHCI). Our results are important because CP26, CP29, and LhcbM5, which have been viewed as belonging solely to the PSII complex, are now postulated to shuttle between PSI and PSII during state transitions, thereby acting as docking sites for the trimeric LHCII proteins in both PSI and PSII.
photoacclimation ͉ photosynthesis ͉ photosystem I n oxygen-evolving photosynthetic organisms, two types of photosystems, photosystem I (PSI) and photosystem II (PSII), operate in series in the transfer of electrons from water to NADP ϩ . The two photosystems contain their own reaction centers and light-harvesting antenna systems. The PSI lightharvesting antenna system contains light-harvesting complex I (LHCI) proteins as peripheral monomeric antennas, whereas the PSII light-harvesting antenna system contains major and minor light-harvesting complex II (LHCII) proteins as peripheral trimeric and inner monomeric antennas, respectively (see review in ref. 1) . The distribution of absorbed light energy between the two photosystems is dynamically balanced, ensuring maximum efficiency for photosynthetic electron transport in changing light environments (2, 3) . That balance is regulated by a process termed ''state transitions'': state 1 is induced by preferential excitation of PSI, and state 2 is induced by preferential excitation of PSII (see recent reviews in refs. [4] [5] [6] . This short-term adaptation process involves thylakoid-bound protein kinase(s) that is responsible for the phosphorylation of LHCII (7, 8) . The activation of the kinase(s) is regulated by the redox state of the intersystem pool of plastoquinone (9) through cytochrome b 6 f complexes (10) . The phospho-LHCII proteins in the PSIIenriched stacked grana regions are redistributed laterally to the PSI-enriched stroma lamella regions (11) . Therefore, it is likely that the phospho-LHCII proteins dissociate from PSII and associate with PSI, shifting the absorbed energy from PSII to PSI (12, 13) . The reverse process occurs when the plastoquinone pool becomes oxidized and thylakoid-bound phosphatase dephosphorylates LHCII proteins (7) .
Despite the accumulation of such information, investigators have not succeeded in identifying the mobile LHCII polypeptide(s), leaving the molecular details of the model obscure (14) . Two obstacles to such identification are (i) possible loose binding of the mobile LHCII protein(s) to the PSI core under state 2, which leads to its detachment during isolation by standard methods, and (ii) that the amount of energy redistribution is small in higher plants, where most of the biochemical studies have been carried out, making it difficult to detect a correspondingly small amount of mobile LHCII polypeptides.
The unicellular alga Chlamydomonas reinhardtii, which has been used in many photosynthesis studies (15) , displays state transitions more extensively than higher plants. Whereas only a limited fraction of the excitation energy absorbed by LHCII proteins is transferred to PSI in higher plants (13), Ϸ50% is transferred in C. reinhardtii (16) . Furthermore, the genes and proteins of the C. reinhardtii LHCI and LHCII complexes have been thoroughly characterized (17) (18) (19) . Here, using a streamlined procedure for isolating chlorophyll-protein complexes, we isolated two types of complexes: a normal PSI-LHCI supercomplex from state 1 and state 2 as previously described in ref. 20 and a PSI-LHCI supercomplex specific to state 2. The newly obtained supercomplex contained three additional LHCII polypeptides whose identities (CP29, CP26, and LhcbM5) we have unambiguously determined. We showed that the three LHCII polypeptides shuttle between PSI and PSII during state transitions, in agreement with the above mobile antenna model, and we propose a molecular model for state transitions based on the mobile LHCII polypeptides identified in the present study.
Q B in PSII so that the plastoquinone pool is oxidized in the light, to place the cells in state 1, and with staurosporine, which inhibits phosphorylation of LHCII proteins, to lock them into that state. We treated cells with carbonyl cyanide p-trifluoromethoxyphenylhydrazone, an uncoupling agent that causes state 2 transition by depletion of ATP (21) , and sodium fluoride, which inhibits dephosphorylation of phospho-LHCII proteins so that the cells are locked in state 2. By using these state-locked samples, we obtained significant differences in the fluorescence spectra at liquid nitrogen temperature (Fig. 1) , indicating that more antenna proteins are associated with PSI under state 2 conditions and that optimal experimental conditions had been established. We used those conditions in the following experiments.
Comparison of Chlorophyll-Protein Complexes in State 1 and State 2
Thylakoids. State 1 thylakoids yielded three green bands on sucrose gradient density centrifugation ( Fig. 2A) . From the top of the gradient, A-1 represents major LHCII proteins, A-2 represents the PSII core complex, and A-3 represents the PSI-LHCI supercomplex (22, 23) .
State 2 thylakoids yielded four green bands (Fig. 2B) . Whereas A-3 in state 1 contained 29% of total chlorophylls, A-3 in state 2 contained only 18% of chlorophylls. Instead, a new band carrying 17% of chlorophylls appeared below A-3 and was designated A-3Ј. Polypeptide profiling and immunoblotting revealed that A-3Ј contained PSI and LHCI polypeptides (Fig. 2B) , indicating that this PSI-LHCI supercomplex had a higher molecular mass than previously reported. It is of great interest that A-3Ј contained three additional polypeptides with molecular weights of 30-35 kDa (indicated by dots in Fig. 2B Middle) . Immunoblotting analysis revealed that the top and middle bands were the minor LHCII proteins, CP26 and CP29, respectively (Fig. 2B ). When we digested the bottom band with Trypsin and subjected it to peptide mass fingerprinting (Table 1 , which is published as supporting information on the PNAS web site), the result was the major LHCII type II polypeptide, which is encoded by the LhcbM5 (LhcII-2) gene (24) . In state 2, all LhcbM5, most CP29, and a small amount of CP26 appeared in the A-3Ј fraction (Fig. 2B ), whereas in state 1, most LhcbM5, a smaller amount of CP29, and a trace amount of CP26 appeared in the A-2 (PSII) fraction. Under stronger state 2 solubilization conditions, even less CP26 appeared in A-3Ј (data not shown). Residual amounts of the three polypeptides appeared in A-1 (30-35 kDa), which probably reflected those dissociated during solubilization and͞or purification. Taken together, these results Spectra were normalized to the emission at 688 nm.
Fig. 2.
Chlorophyll-protein complexes separated on sucrose density gradients. The thylakoids from C. reinhardtii cells placed in state 1 (A) and state 2 (B) were solubilized and subjected to sucrose density gradient centrifugation. The green bands were designated A-1, A-2, A-3, and A-3Ј (Top). The gradient was divided into 20 fractions and subjected to SDS͞PAGE. The gels were stained with Coomasie brilliant blue R-250 (Middle) or subjected to immunoblotting by using antibodies raised against PsaA, PsbD (D2 protein), CP26, CP29, or LHCII type II (Bottom). The positions of CP26, CP29, and LHCII type II in Middle are indicated by dots. strongly suggest that CP26, CP29, and LhcbM5 were bound to PSII in state 1 and to the PSI-LHCI supercomplex in state 2. The ability of the three polypeptides to bind to the reaction centers differed, with LhcbM5 Ͼ CP29 Ͼ CP26.
Gel filtration chromatography revealed a single peak with an apparent molecular mass of Ϸ700 kDa for the A-3 band from state 1 and a larger band with an apparent molecular mass of Ͼ1 MDa for A-3Ј from state 2, which contains CP26, CP29, and LhcbM5 in addition to the PSI proteins (Fig. 3) . These results confirmed that the PSI-LHCI supercomplex in A-3Ј had a greater mass because of its association with additional LHCII proteins. Immunoblotting analyses showed that the main peak from A-3Ј contains CP26, CP29, and LhcbM5 as well as PsaA, confirming that the three LHCII proteins remain associated with the PSI-LHCI supercomplex.
Immunoblotting showed that the two bands corresponding to CP29 and LhcbM5 in A-3Ј were phosphorylated (Fig. 4) . CP26 was phosphorylated in A-1 but not in A-3Ј. The absence of phospho-CP26 in A-3Ј was probably due to the small amount present in the fraction, and its presence in A-1 again suggests that it binds to PSI rather loosely. These results are in accordance with the model where phospho-LHCII proteins migrate to PSI in state 2.
Discussion PSI and PSII are located predominantly in the stroma lamella (unappressed) and stacked grana (appressed) regions of the thylakoid membrane, respectively (25) . Many lines of evidence suggest that the LHCII proteins under state 2 are located in the unappressed regions (stroma lamellae) (for instance, see ref. 11 ). This finding likely reflects that a pool of LHCII proteins in the grana regions dissociates from PSII, migrates laterally, and transfers excitation energy to PSI in the stroma lamella regions. The reverse process likely takes place when cells are shifted to state 1. This reversible migration of LHCII proteins has been postulated as the mechanism for redistribution of excitation energy between PSI and PSII (5, 13). Although functional evidence for the reversible association of LHCII to PSI and PSII during state transitions has been obtained by showing complementary changes in absorption cross-sections of PSI and PSII (26, 27) , biochemical evidence supporting the physical association of LHCII proteins to both PSI and PSII is rather weak. Although there have been several attempts to isolate the PSI-LHCI supercomplex that binds LHCII proteins (28) (29) (30) , none was successful in obtaining a highly pure PSI-LHCI supercomplex attached to a significant amount of LHCII protein. The present study revealed that the three LHCII proteins that reversibly bind to PSI-LHCI supercomplex depending on the state condition are the two monomeric LHCII proteins (CP26 and CP29) and one major LHCII protein (LhcbM5). Fig. 5 shows a neighbor-joining phylogenetic tree of C. reinhardtii LHC proteins: nine major LHCII proteins (LHCII), two minor LHCII proteins (CP29 and CP26), nine LHCI proteins, and one distant LHC family relative, LI818, as an outgroup. The tree displays four distinct branches for the major LHCII proteins: type I (LhcbM6, LhcbM4, LhcbM3, LhcbM8, and LhcbM9), type II (LhcbM5), type III (LhcbM2 and LhcbM7), and type IV (LhcbM1). The four types of major LHCII proteins in C. reinhardtii do not correspond to the three types of major LHCII proteins in higher plants, whereas the minor LHCII proteins, CP29 and CP26, are conserved (24) . Among the three polypeptides we identified as mobile LHCII components, two were minor LHCII proteins, CP29 and CP26, and the other was a major LHCII protein (type II) relatively close to the minor LHCII proteins (Fig. 5) . Intriguingly, these three proteins display the highest similarity to the LHC proteins associated with PSI (LHCI) among the LHCII proteins that are thought to be associated with PSII. In higher plants, the three minor LHCII proteins, CP24͞CP26 and CP29 are associated at each side of the PSII dimer in PSII-LHCII supercomplex and lie at the interface between the PSII dimer and the LHCII trimers (1, 31) . LHCII type II protein is encoded by the LhcbM5 (LhcII-2) gene (19) but has never been detected biochemically in LHC preparations, which brought into question its role, level of expression, and stability (17, 19) . Whereas the genome carries single copies for LhcbM5 and LhcbM1 genes, the other LhcbM genes are duplicated at least once (Fig. 5) . Only 28 expressed sequence tag (EST) clones corresponding to LhcbM5 were found in Ͼ15,000 C. reinhardtii ESTs, whereas Ͼ122 were found for each of the genes encoding the other major LHCII proteins. The lower expression level suggests that the primary role of the protein may not be light-harvesting (19) . However, our results indicate that LHCII type II accumulates at a similar level to the minor monomeric LHCII proteins (CP26 and CP29), although at a much lower level than LHCII Types I, III, and IV (Fig. 2) .
The present results are surprising because the two monomeric LHCII proteins (CP26 and CP29), which have long been viewed as belonging solely to the PSII complex, and LhcbM5 are now postulated to shuttle between the two photosystems and serve as a link between the LHCII trimers and the reaction centers in both PSI and PSII (Fig. 6 ). We cannot, however, exclude the possibility that major LHCII trimers also participate in state transitions. The loose binding of such peripheral antennas would make it difficult to purify PSI supercomplexes containing LHCII trimers from state 2 thylakoids by using the current procedure. Further study is required to isolate a PSI-LHCI͞II supercomplex retaining the trimeric LHCII proteins under a milder condition.
In our working model for Chlamydomonas (Fig. 6) , we place LHCII type II (LhcbM5) in the position suggested for CP24 in PSII-LHCII supercomplexes of higher plants (1) . When PSII is overexcited, LHCII proteins are phosphorylated. The phosphorylated LHCII proteins are detached from PSII and migrate to PSI, and the transition from state 1 to state 2 is completed. Scheller and his colleagues (32) reported that plants with suppressed PsaH gene expression were highly deficient in state transitions and suggested that the PsaH subunit could be the PSI docking site for phospho-LHCII proteins. This idea was recently reinforced when the crystal structure of the PSI-LHCI supercomplex showed that the PsaH subunit is located on one side of the PSI core, whereas the PsaG͞F͞J͞K subunits, where the ''LHCI belt'' is bound, are located on the opposite side (33) . There seems to be enough space to accommodate several LHCII proteins on the side of PsaH subunit. Thus, when the three mobile LHCII proteins are bound to PSI, the possible binding site could be modeled near the PsaH subunit. Germano et al. (34) postulated that a mass of 40 nm 2 near this region in one of their single-particle images of PSI-LHCI supercomplex from C. reinhardtii corresponds to three LHCI monomers. It is possible that the three monomeric LHCII proteins identified in this study occupy the same region. The PSI-LHCI supercomplex is much larger in C. reinhardtii than in higher plants (34, 35) perhaps because the alga has nine Lhca genes (Fig. 5) , whereas higher plants have only four or five. At least seven LHCI proteins are involved in the PSI-LHCI complex (23, 36) and may form a second row of the LHCI belt, as has previously been suggested in ref. 35 (Fig. 6 depicts only a single row of the LHCI belt as observed in higher plants). In addition, C. reinhardtii displays state transitions more extensively than higher plants. It is thus inferred that the underlying mechanism for state transitions could be substantially different in green algae and higher plants. Indeed, it has been reported that Chlamydomonas has wide but fewer layers of appressed thylakoids and that there is less lateral heterogeneity of photosystems (37) . The LhcbM5 determined to be important for state transitions in the green alga could also be a clue for this issue because it does not have a homolog in higher plants although it is similar overall to many major LHCII proteins.
Two recent papers have appeared that address a problem similar to the present study by reconstructing single-particle images of PSI-LHCI͞II supercomplexes (38, 39) . Kouřil et al. (38) observed a large density at the side of PsaH͞L͞A͞K, which was assigned to the LHCII trimer, in the digitonin-solubilized thylakoid membranes from light 2-treated Arabidopsis leaves. However, Kargul et al. (39) observed a smaller density near PsaH, which was assigned to CP29, in a PSI-rich fraction from Neighbor-joining distance tree was constructed with bootstrap values (% of 1,000 replicates) displayed at the appropriate nodes. The entire coding region, including transit peptides, was used to align amino acid sequences. LI-818 protein (GenBank accession no. X95326) was used as an outgroup. Scale bar represents the expected number of amino acid substitutions per site. the thylakoid extracts of Chlamydomonas cells incubated anaerobically in the dark. These two reports are contradictory in the sizes, locations, and identities of the densities assigned as the mobile LHCII(s). In the present study, we succeeded in biochemical purification of PSI-LHCI͞II supercomplex from the chemically state-locked Chlamydomonas cells and in unambiguous identification of the LHCII proteins reversibly bound to the supercomplex. Although our results are in part compatible with Kargul et al. (39) , more LHCII polypeptides were detected in our preparation, probably because the thorough state-locking method was used in this study. The involvement of the minor LHCII polypeptides in state transitions is expected to be clarified in higher plants as well.
Materials and Methods
Strain and Media. C. reinhardtii wild type (strain 137c) was a gift from J.-D. Rochaix (University of Geneva). Cells were grown to the mid-log phase in high-salt medium (40) SDS͞PAGE and Immunoblotting. We divided the gradient into 20 fractions and subjected them to urea-SDS͞PAGE (43) and immunoblotting (22) . We generated an antibody against CP26 using a synthetic oligopeptide (CKGTASTKVVKPSK) conjugated with a carrier protein keyhole limpet hemocyanin at a cysteine residue (Sigma Genosys). The antibody against LHCII type II was raised against the purified polypeptide on SDSpolyacrylamide gel from the LHCII-type II-enriched fractions obtained by sucrose density gradient centrifugation and subsequent DEAE-Toyopearl 650S (Tosoh, Tokyo) chromatography. The antibody against CP29 was generated against p9 protein (CP29 in C. reinhardtii) that we purified in a previous study (44) . The antibody against phospho-threonine was obtained from Zymed Laboratories.
Gel Filtration Chromatography. We subjected the A-3 and A-3Ј band (see Fig. 2 ) to gel filtration chromatography on Superose 6HR 10͞30 on FPLC system (Amersham Pharmacia, Piscataway, NJ) for further characterization. The elution buffer contained 50 mM Tris⅐HCl (pH 7.5) and 0.05% n-dodecyl-␤-D-maltoside.
Peptide Mass Fingerprinting. The band corresponding to LhcbM5 was subjected to in-gel digestion with trypsin (Promega) at 1 g͞ml (45), the identity of which was determined by peptide mass fingerprinting. Mass spectrometry was carried out on a Reflex MALDI-TOF mass spectrometer (Bruker).
Spectroscopic Analysis. We measured steady-state fluorescence spectra at 77 K by using a Hitachi (Tokyo) F-2500 fluorescence spectrophotometer with an R-928F red-sensitive photomultiplier (Hamamatsu Photonics, Hamamatsu City, Japan). The excitation wavelength was 440 nm, and the excitation and emission slits were 10 and 5 nm, respectively.
Phylogenetic Analysis. We performed sequence alignment and phylogenetic analysis as previously described in ref. 36 , displaying bootstrap values (% of 1,000 replicates) at the appropriate nodes. LHCI and LHCII protein names are after Stauber et al. (17) and Minagawa and Takahashi (19) , respectively.
